Rapid diffusion of dipolar order enhances dynamic nuclear polarization 
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In a dynamic nuclear polarization experiment on a 40 mM solution of 4-amino-TEMPO in a 
40:60 water/glycerol mixture, we have observed that the bulk dipolar reservoir is cooled to a spin 
temperature of 15.5 /xK, following microwave irradiation for 800 s. This is significantly cooler than 
the 35 mK spin temperature of the Zeeman reservoir. Equilibration of the two reservoirs results 
in a 50 % increase in the NMR signal intensity, corresponding to a Zeeman spin temperature of 
23 mK. In order to achieve this polarization directly, it was necessary to irradiate the sample 
with microwaves for 1500 s. Cooling of the dipolar reservoir occurs during polarization transport 
through the magnetic field gradient around the paramagnetic impurity, and is rapidly communicated 
to the bulk by dipolar spin diffusion. As dipolar spin diffusion is significantly faster than Zeeman 
spin diffusion, the bulk dipolar reservoir cools faster than the Zeeman reservoir. This process can 
be exploited to rapidly polarize the nuclear spins, by repeatedly cooling the dipolar system and 
transferring the polarization to the Zeeman reservoir. 
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Dynamic nuclear polarization (DNP) has been exten- 
sively used to study ordering in dielectric crystals, for 
the creation of polarized spin targets, and for NMR sig- 
nal enhancement [1 . Microwave irradiation of a coupled 
electron-nuclear spin system can facilitate a transfer of 
polarization from the electron to the nuclear spin. In the 
case of dielectric materials considered here, the electron 
spins are localized and the non-equilibrium polarization 
of the bulk nuclei is generated via a two-stage process: a 
polarization exchange local to the defect; and spin trans- 
port to distribute the polarization throughout the sam- 
ple. Here the DNP process is essentially the inverse of 
the standard Ti relaxation mechanism in dielectric solids 
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In dielectric materials DNP typically occurs via either 
the solid effect or thermal mixing [H O H] . The solid ef- 
fect occurs in systems in which the electron-nuclear cou- 
pling is not purely isotropic. The anisotropic coupling 
mixes the nuclear Zeeman levels, and the forbidden tran- 
sitions become partially allowed. High power microwaves 
are used to saturate one of the forbidden transitions, and 
rapid electron spin relaxation creates the non-equilibrium 
nuclear polarization. Thermal mixing occurs in systems 
in which the linewidth of the electron spins is larger than 
the nuclear Zeeman frequency. If the linewidth is homo- 
geneous, off-resonance microwave irradiation of the elec- 
tron spin line produces a cooling of the electron spin dipo- 
lar reservoir. A flip-flop interaction between two electron 
spins in the same line (separated by the nuclear Zeeman 
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FIG. 1: Schematic illustration of the spin diffusion barrier 
around the electron spin. Nuclear spin diffusion within the 
barrier is suppressed due to the large difference in Zeeman 
energies between the spins. 

frequency), flips the nuclear spin. If the electron spin 
linewidth is inhomogeneous, thermal mixing occurs via 
cross relaxation between different electron spin packets. 

While much attention is paid to improving DNP en- 
hancement local to the electron or defect spin, usually by 
incorporating the appropriate electron spins in the sam- 
ple, the rate-limiting step in efficiently polarizing bulk 
samples is frequently the spin transport from the defect 
sites to the bulk. The transport of polarization through 
the sample occurs via nuclear spin diffusion, which is me- 
diated by energy-conserving flip-flop (XY) interactions. 
However, the nuclear spins in an inner core around the 
impurity experience a large local field gradient due to the 
impurity spin, and as a consequence have significantly 
different effective Zeeman energies (Figure [l]). This en- 
ergy difference suppresses the XY interaction, creating a 
"spin-diffusion barrier" around the impurity [2 . In or- 
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der for the increased polarization to be transferred to the 
bulk, the polarization needs to be transported across this 
barrier. It has been suggested that spin transport across 
the barrier could be facilitated by the presence of another 
energy reservoir, such as the electron spin dipolar reser- 
voir [5] or the nuclear spin dipolar reservoir [6[ |7l E] E] . 
The additional reservoir is then able to take up the en- 
ergy difference between the spins. 

Cooling of the nuclear dipolar reservoir via this mech- 
anism has been observed in optical pumping experiments 
on InP [lOj, and GaAs [11 . Here we report on the results 
of experiments in which the bulk nuclear dipolar reser- 
voir is cooled to a much lower spin temperature than 
the nuclear Zeeman reservoir, following DNP microwave 
irradiation. 

Our experiments were performed on a frozen solution 
containing 40 mM of the nitroxide 4-amino-TEMPO dis- 
solved in a 40:60 water /glycerol mixture. The experi- 
ments were performed in a 2.35 T (^o) superconducting 
NMR magnet. An Oxford NMR Spectrostat was oper- 
ated in single-shot mode to cool the sample down to 1.4 
K. The electron spin frequency was 66 GHz (correspond- 
ing to g ~ 2), and the proton Larmor frequency was 100 
MHz. The microwave source was a 90 mW Gunn diode 
source (Millitech). The NMR spectrometer used was a 
Bruker Avance system with a home-built probe, contain- 
ing a horn antenna for the microwaves, and a solenoidal 
RF coil. Details of the probe have been described else- 
where [12]. In the experiments here, the sample as well as 
the RF and microwave electronics were in direct contact 
with the liquid helium bath. 

Figure [2] shows the growth of the NMR signal as a func- 
tion of the microwave irradiation time. The enhancement 
appears to saturate at around one hour. The inset shows 
the NMR spectra following a 7r/2 pulse (= 3/is) after 3200 
s of microwave irradiation and without microwave irra- 
diation. The observed DNP enhancement is 70, yielding 
a proton polarization of approximately 12 %. The DNP 
mechanism here is thermal mixing. Though the 25-35 
MHz electron dipolar coupling in this sample is less than 
the proton Zeeman frequency of 100 MHz, both thermal 
mixing processes described above should play a role. 

Figure [3] compares the signals obtained after microwave 
irradiation for 800 s, following a 7r/2 pulse, and following 
the 7r/2 pulse with a 50 /is spin locking pulse (7^1 /27r = 
83 kHz) . At 800 s the observed DNP signal enhancement 
is 40. As the RF field is comparable to the strength of 
the local proton dipolar field in the sample {'^Byq^/2t: ^ 
85 kHz, estimated from the proton linewidth), it induces 
mixing between the nuclear Zeeman and nuclear dipolar 
reservoirs [11 [ll [151 [11 [171 [181 [19] . The signal increase 
obtained following this mixing indicates that, following 
microwave irradiation, the bulk dipolar reservoir had a 
lower effective spin temperature than the Zeeman reser- 
voir. 

In a strong magnetic field, the Hamiltonian of the bulk 
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FIG. 2: Growth of the NMR signal as a function of the DNP 
microwave irradiation time. The inset shows the NMR spectra 
demonstrating signal enhancement of about 70 following 
microwave irradiation for 3200 s. 
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FIG. 3: NMR spectra showing a signal enhancement of 1.5 
following on-resonance spin-locking with an 83 kHz RF field 
for 50 /is. The microwave irraditation time used was 800 s, 
yielding a DNP enhancement of 40. 



nuclear spin system is given by 



= hu;^Il^hY,d,,{2IlIl 



pjj _ pjj] 



(1) 



i<j 



where u = jBq^ and dij = j h{l — 3 cos i?ij)/(2rf^), Tij 
is the distance between spins i and j, and i^ij is the an- 
gle between the internuclear vector and the external field. 
The Zeeman and dipolar energies are independently con- 
served. We can therefore define independent spin tem- 
peratures for each reservoir as well as spin diffusion and 
spin-lattice relaxation rates. Note that this is not true at 
the site of the electron spin defect. If the spin tempera- 
tures of the Zeeman and dipolar reservoir are Oz and Od 
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respectively, the density matrix of the system is given by 



exp i-kHz/ez - kHp/ep) 
Tr {exp i-kHz/Oz - kHo/OD)} 



(2) 



We can use a simple thermodynamic argument to esti- 
mate the spin temperature of the dipolar reservoir. 

After 800 s of microwave irradiation the observed sig- 
nal enhancement is 40, and the spin temperature of the 
Zeeman reservoir is ~ 1.4/40 ~ 35 mK. The heat ca- 
pacities of the Zeeman and dipolar reservoirs are given 
hy Cz = C ' Bl and Cd = C - Bf^^, where C is the 
Curie constant, and their energies are Ez = —Cz/kOz 
and E]j = —Co/kOD- During the spin- locking pulse the 
magnetization is locked along the applied field (^i), and 
the heat capacity of the rotating-frame Zeeman reservoir 
is Cz = C-Bf. However, since the energy of the reservoir 
has not changed, the effective Zeeman spin temperature 
in the rotating frame is 0^ = 0^^{Bi/Bo) ^ 30 /iK. 

If the magnitude of the spin-locking field is comparable 
to the strength of the local dipolar field, the two reser- 
voirs are no longer isolated from each other. During this 
mixing process the spin temperatures of the Zeeman and 
dipolar systems equilibrate, but the total energy is con- 
served. Equating the energy of the system before and 
after the mixing process we get 



(3) 



where O^^ is the final equilibrium temperature after the 
mixing. For Bi = 83 kHz, we observe an enhancement of 
1.5, which yields a dipolar temperature of 15.5 /iK. The 
final laboratory frame Zeeman temperature is 23 mK. 

If we use a long DNP irradiation (3200s sec as shown 
in Figure 1), and replace the 7r/2 pulse and spin lock- 
ing step with an adiabatic transfer using an adiabatic 
remagnetization in the rotating frame ( ARRF) [20l [21] , 
we have 



^0 . -^loc _ ^0 



gl 



9^ 



(4) 



yielding a final Zeeman temperature 0-^ = 9.5 mK. If the 
electron spin polarization were transferred directly to the 
nuclear Zeeman reservoir, we would expect a nuclear spin 
temperature that is lower than the lattice temperature by 
a factor je/ln or about 2 mK. 

In order to explore the dynamics of the mixing pro- 
cess, we repeated the experiment for a variety of spin- 
locking field strengths and times. The microwave irra- 
diation time used in these experiments was 100 s, which 
yielded a signal enhancement of 11 (or a 123 mK Zeeman 
spin temperature). Figure |4] shows the signal measured 
enhancement at a spin-locking time of 200 /is for different 
RF field strengths. The solid line is the best fit to Equa- 
tion |3j yielding a dipolar spin temperature of 48 /iK. It 
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FIG. 4: The additional enhancement measured at a spin- 
locking time of 200 /xs as a function of the amplitude of the 
spin locking field. The solid line is the best fit to Equation [3] 
yielding a dipolar spin temperature of 48 /i K. The inset shows 
the NMR signal intensity as a function of the spin-locking time 
for RF field strengths of 10.4, 32.9 and 52 kHz. 



can be seen that the thermodynamic model fails at lower 
field strengths as the spins are no longer locked along the 
RF. 

The inset shows the amplitude of the observed sig- 
nal as a function of the spin-locking time for different 
RF field strengths. There is a transient oscillatory ex- 
change of magnetization between the Zeeman and dipo- 
lar reservoirs at short times after the spin-locking field 
is turned on. These oscillations occur at the Rabi fre- 
quency of the spins, and are the rotating frame analog 
of Strombotne-Hahn oscihations [HI UHl [22l [23,^. The 
transient oscillations are rapidly damped by the strong 
proton dipolar couplings in this system. The 200 /is 
time point was chosen to ensure that the the system was 
in quasi-equilibrium, such that the transient oscillations 
had damped away and that Tip effects were minimal. 

It is worthwhile to examine the possible origins of the 
this dipolar ordering following DNP. Genack and Redfied 
pointed out that the transport of polarization through 
the magnetic field gradients around the impurity can 
drive the nuclear dipolar reservoir far out of equilibrium, 
as it supplies the excess energy required for the transport 
[8( m [24] . They derived a set of coupled differential equa- 
tions to describe the mixing between the Zeeman and 
dipolar systems in a magnetic field gradient. We believe 
that this is the mechanism responsible for the cooling of 
the dipolar system observed here. 

It is also possible that the nuclear spin dipolar reser- 
voir could directly be cooled during microwave irradia- 
tion. Tycko [25] showed that dipolar order between two 
nuclear spins could be created in the presence of fiuc- 
tuating hyperfine couplings. However since the thermal 



4 




20 40 60 20 40 60 

distance (nm) distance (nm) 



combined spin temperature of the two systems following 
equilibration. The transport is not limited by the small 
heat capacity of the dipolar reservoir. 
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FIG. 5: Zeeman (black dash-dot line) and dipolar (blue 
dashed line) spin temperatures following 1 second of spin dif- 
fusion, obtained from simulations where (a) Dd = Dz and 
(b) Dd — 4:Dz- The inital spin temperatures at the left edge 
are 10 fiK and 20 mK for the dipolar and Zeeman reservoirs 
respectively. The solid red line indicates the final spin tem- 
perature following adiabatic transfer using Equation |4] 



mixing process is itself a thermodynamic mixing between 
the electron dipolar and nuclear Zeeman reservoirs, it is 
unlikely to result in a direct cooling of the nuclear dipolar 
reservoir. 

We recently measured the spin diffusion rate for dipo- 
lar order to be significantly faster than that for Zeeman 
order [26l [S^. The experimentally measured speed-up 
of a factor of 4 (depending on crystal orientation), was 
greater than that predicted theoretically. This rapid spin 
diffusion implies that the cooling of the dipolar reservoir 
that is produced locally at the spin diffusion barrier, is 
quickly transferred to the bulk. 

The ability to increase the Zeeman magnetization via 
contact with the dipolar reservoir is exciting, as it should 
be possible to polarize a sample more rapidly by repeat- 
edly cooling the dipolar reservoir and transferring this 
polarization to the Zeeman reservoir. Note that this 
transfer of order occurs in the bulk crystal, not just lo- 
cally to the defect sites. When the weak spin-locking field 
is applied the cross polarization between the Zeeman and 
dipolar systems occurs on a much faster timescale, since 
it does not require macroscopic transport of the polar- 
ization. 

Figure [5] shows the change in Zeeman (black dash-dot 
line) and dipolar (red dashed line) spin temperatures fol- 
lowing spin diffusion for 1 second, obtained from sim- 
ulation. In both cases the local dipolar temperature 
at the origin is 10 /jK and the local Zeeman temper- 
ature is 20 mK. In the figure on the left the dipolar 
diffusion rate is set equal to the Zeeman diffusion rate 
{Dz = 10~^/im^/s), and in the figure on the right the 
dipolar diffusion rate is four times faster than the Zee- 
man diffusion rate. The figure also shows the final spin 
temperature that would be reached following an adia- 
batic tranfer of dipolar to Zeeman order using Equation |4] 
(red solid line) . It can be seen that dipolar order is trans- 
ported rapidly to the bulk, and that this results in a lower 
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